Abstract: The tetragonal compound UNi 2 Si 2 exhibits in zero magnetic field three different antiferromagnetic phases below T N = 124 K. They are formed by ferromagnetic basal planes, which are antiferromagnetically coupled along the c-axis with the propagation vector q = (0, 0, q z ). Two additional order-order magnetic phase transitions are observed below T N , namely at T 1 = 108 K and T 2 = 40 K in zero magnetic field. All three phases exhibit strong uniaxial anisotropy confining the U moments to a direction parallel to the c-axis. UNi 2 Si 2 single crystals were studied in detail by measuring bulk thermodynamic properties, such as thermal expansion, resistivity, susceptibility, and specific heat. A microscopic study using neutron diffraction was performed in magnetic fields up to 14.5 T parallel to the c-axis, and a complex magnetic phase diagram has been determined. Here, we present the analysis of specific-heat data measured in magnetic fields up to 14 T compared with the results of the neutron-diffraction study and with other thermodynamic properties of UNi 2 Si 2 .
Introduction
Ni 2 Si 2 belongs to the family of ternary UT 2 X 2 intermetallic compounds (T is transition metal and X is p-metal.), which has recently been intensively studied because of the avail-ability of high-quality single crystals. UNi 2 Si 2 crystallizes in the body-centered tetragonal structure of the ThCr 2 Si 2 -type with space group I4/mmm and with lattice parameters a = 3.961Å and c = 9.517Å. As can be seen from Fig. 1 , this crystal structure is a natural multilayer. It consists of basal planes of U, of T , and of X atoms, stacked along the c-axis in the sequence U -X -T -X -U -X -T -X (-U), which means that the U and T metal layers are separated by a monolayer of the p−metal. In this structure, the U atoms occupy the 2a (0 0 0), the Ni atoms' 4d (0 1/2 1/4), and the Si atoms' 4e (0 0 0.375) positions. Thus, in UNi 2 Si 2 , the distance between the U and T monolayers is much smaller (∼2.8 A) than the U -U distance within the basal plane. Such crystal structure frequently causes strong uniaxial, magnetocrystalline anisotropy with magnetic moment confined to the c-axis.
UNi 2 Si 2 orders antiferromagnetically (AF) and exhibits three different AF phases below T N = 125 K in zero magnetic field. As Ni is nonmagnetic in the UNi 2 X 2 series, the magnetic structures of all three phases consist of the ferromagnetic basal planes of U moments that are parallel to the c-axis. These planes are stacked or sinusoidally modulated along the c-axis. Generally, all three phases can be described by a propagation vector q = (0 0 q z ) with different values of the q z component characterizing the type of modulation or stacking [1] [2] [3] [4] [5] . All three phases are characterized by a huge uniaxial anisotropy (with estimated anisotropic field of about 200 T), with the c−axis as an easy magnetization direction.
The AF1 phase just below T N is an incommensurate, longitudinal, spin-density wave (ILSDW) with q z ∼ 0.74 in zero magnetic field. The phase AF2 which is stable between T 1 = 108 K and T 2 = 40 K is of the AF-I type, characterized by the simple (+ -+ -) stacking of ferromagnetic basal planes along the c-axis (q z = 1). Finally, the groundstate phase AF3 is an uncompensated, squared-up, AF structure (UAF) with the (+ + -) stacking s and q z = 2/3, yielding a spontaneous magnetization µ ≈ 0.55µ B /f.u. along the c-axis (see Fig.2 ).
A complex magnetic phase diagram is observed in magnetic fields parallel to the c−axis, characterized by a splitting of the T 1 phase boundary in fields above 3T [2] [3] [4] . With increasing magnetic field, the AF2 phase disappears above 4T, the temperature region of stability of the AF1 phase is getting narrow, and the UAF phase dominates [5] .
In this paper we compare the studies of various thermodynamic properties (predominantly of the specific heat) and the results of neutron diffraction in magnetic fields up to 14 T parallel to the c-axis. We want to show how the individual magnetic phases and, in particular, the magnetic phase transitions are reflected in the different thermodynamic properties. Typical changes of the entropy and the magneto-caloric effect corresponding to the magnetic phase transitions are also presented.
Experimental
Neutron-diffraction studies were performed using an approximately cubic sample (∼ 2 × 2 × 2 mm 3 ) on the E4 diffractometer, with incident neutron wavelength λ = 2.4Å
at the BER II research reactor of the Hahn-Meitner Institut, Berlin. The experiment was performed in two parts: the first in a horizontal cryomagnet HM1, with the crystal mounted in the h − l scattering plane in fields up to 6 T, the second part in a vertical cryomagnet VM1 in fields up to 14.5 T. In both cases the magnetic field was applied parallel to the c-axis with precision better then 0.5 o . In the case of the horizontal cryomagnet, only a small part of the h − l plane was accessible, due to the specific geometry of this cryomagnet. Nevertheless, a continuous range between (2 0 -1.8) and (2 0 -4.2), including the two nuclear reflections (2 0-2) and (2 0 -4), could be scanned in detail. For each magnetic phase, the typical diffraction pattern is presented in Fig. 3 . The absence of magnetic intensity along (0 0 l) confirms the orientation of the U moments along the c-axis. The splitting of the vertical cryomagnet allows only short vertical scans (± 2 o ), and the results from the horizontal experiment were used for the calibration of the lifting detector in zero-field. The resolution of the E4 detector is about three times less in vertical scans than in horizontal scans.
The specific heat of UNi 2 Si 2 was studied using the PPMS-14T facility of the Joint Laboratory for Magnetic Studies in Prague. This measurement system performs fully automated, relaxation-type, heat-capacity measurements of small samples, using the socalled 'two-tau model analysis' to accurately simulate the effect of the heat flow in the system [6] . With a typical sample mass of about 20 mg, the system enables accurate measurement of the heat capacity in the temperature range 0.3 -300 K, in magnetic fields up to 14 T. Specific heat data of a single crystal of UNi 2 Si 2 were taken in selected magnetic fields in the temperature interval 2 -170 K (see Fig. 4 ).
Results and discussion
The ground-state UAF phase yields the spontaneous magnetization µ U AF ≈ 0.55µ B /f.u., while the spontaneous magnetization of the simple antiferromagnetic AF2 phase is obviously zero. From this it follows that the T 2 transition from the UAF to the AF2 phase must be clearly reflected in the temperature dependence of magnetization. At the other phase boundary, the transition at T 1 separates the AF2 and AF1 phases. In the ILSDW phase AF1 the spontaneous magnetization is also zero, but the value of the magnetization in this phase is strongly dependent on the applied magnetic field and on temperature, as presented in Fig. 5 .
Simultaneously, the formation of the AF2 phase is also reflected in the transport properties. The magnetic unit cell in the UAF ground-state phase is three times the chemical unit cell along the c-axis, while in the AF2 phase the magnetic unit cell is identical to the chemical unit cell. From this it follows that the phase transition at T 2 represents a rather drastic reconstruction of the Fermi surface. As in the UAF phase, the Fermi surface is folded into a magnetic Brillouin zone one-third the size of the one in the AF2 phase. This folding is removed in the AF2 phase and the resistivity drops, which is clearly visible in Fig. 6 . The longitudinal spin wave if the AF1 phase is incommensurate with the crystallographic lattice (q z ∼ 0.74) and the magnetic unit cell is roughly a × a× 2.7 c, not much different from the UAF magnetic unit cell. The phase transition at T 1 from the AF2 to the Af1 phase corresponds again to folding of the Fermi surface accompanied by a rapid increase of the resistivity.
Studies of critical neutron scattering [2, 4] did not reveal any substantial changes in the magnetic propagation vector at the Néel temperature in zero magnetic field. The diffuse peak remains well-centered around the (0, 0, 0.74) vector, as in the AF1 phase. Consequently, no dramatic change of the Fermi surface is expected at the Néel temperature, and, indeed, there is no significant change in the resistivity at T N .
The formation of the AF2 phase is also clearly visible in the thermal expansion along principal crystallographic axes (see Fig. 7 ). In the AF2 phase, the crystal expands along the a-axis and simultaneously contracts along the c-axis. Similar to the resistivity behavior, only slight changes of slope in the temperature dependencies of da/a and dc/c correspond to the Néel temperature. Again, the AF2 phase exhibits the most pronounced effect, corresponding to the change of magnetic structure and the magnetic unit cell.
All the thermodynamic properties mentioned above reflect the formation of the individual magnetic phases only indirectly, and the Néel temperature is hardly visible. Fortunately, (as shown on Fig. 3 ) all three phases are characterized by quite different propagation vectors, and an unambiguous identification of individual phases can be done by neutron diffraction. For instance, the formation of the AF2 phase (with the propagation vector q = (0, 0, 1)) is a very rapid process both in zero and in an elevated magnetic field, as is documented in Fig. 8 . As expected from the magnetization measurements, the existence of the AF2 phase is limited to fields below 4.5 T, and no trace of the AF2 phase is detected in the 5T scan (see Fig. 9 ). In Fig. 10 , we compare in detail the electrical resistivity and the thermal expansion to the neutron diffraction data in the vicinity of the transition atT 2 . We can conclude that this magnetic phase transition (UAF to AF2) is of the first order (indicated by the coexistence of phases), showing large temperature hysteresis. The transition exhibits itself as a remarkable effect in all thermodynamic properties, reflecting the change of the propagation vector of the magnetic structure, that is, the change of magnetic unit cell or the reconstruction of the Fermi surface.
The formation of the AF1 phase between T 1 and T N was studied in detail by neutron diffraction. The study was performed in the whole range of existence of AF1, that is, in the temperature range 108-125 K and in applied fields up to 14.5 T (see Fig. 11 ). The propagation vector of the ILSDW phase AF1 varies with the temperature and with the applied magnetic field (Fig. 12) . With increasing field, the propagation changes from q z ∼ 0.74 in zero field to almost 2/3 at T N in 14 T. No separate peak related to the AF1 phase is observed in 14.5 T. The peak corresponding to the UAF phase becomes diffuse above about 124 K and is well centered about q = (0, 0, 2/3), as can be seen in Fig. 13 . More detailed study of the diffuse scattering in this high field was not possible due to the beam-time limitations. Nevertheless, we can say that in 14.5 T the UAF phase transforms through a second-order transition into the paramagnetic phase, where short-range order with the same propagation vector as in the UAF phase is observed.
The magnetic phase transitions are also reflected as anomalies in the temperature de-pendences of the specific heat in different magnetic fields. While the peaks corresponding to the T N and T 1 phase transitions are sharp and pronounced, the anomaly at T 2 phase transition is difficult to observe. As was shown in [7] , the phonon part of the specific heat in zero magnetic field can be well described using a combination of Debye and Einstein models for the acoustic and optical phonons, respectively. Assuming that the phonon contribution does not depend on the magnetic field, we can subtract it from the total specific heat to show the effect of magnetic field on the electronic and magnetic part of the specific heat (see Fig. 14) . Even after this, the transition at T 2 from the UAF to the AF2 phase is hardly visible in the specific heat data, pointing to a very small entropy difference between these two phases. Indeed, the temperature dependencies of the electronic and magnetic entropy (Fig. 15) show no trace of the transition atT 2 . Nevertheless, the specific-heat anomalies can be combined with the neutron-diffraction data and the combined magnetic phase diagram, as presented in Fig. 16 . Both methods yield almost the same phase diagram. The slight discrepancies can be ascribed to the temperature gradient at the thermometer position and to the different sensitivity of the thermometers to the applied magnetic field.
Conclusion
In conclusion, we have performed a detailed study of the magnetic phases and of the magnetic phase transitions of UNi 2 Si 2 , both by macroscopic methods and by neutron diffraction, in magnetic fields parallel to the c-axis up to 14.5 T. Below T N = 125 K, three different antiferromagnetic phases (AF1, AF2 and UAF) were identified. All magnetic phase transitions between these phases (AF1-AF2, AF1-UAF and AF2-UAF) are of first order, while the magnetic ordering itself is a second-order-type transition up to the highest applied magnetic fields.
The magnetic phase transition at T 2 manifests itself in all physical properties, reflecting the associated reconstruction of the magnetic Brillouin zone. On the other hand, the transition is almost invisible in the specific heat, due to the similar entropies of the UAF and AF2 phases.
Similarly, due to the strong antiferromagnetic correlations and/or to short-range order above T N , this transition represents only a minor change of the Fermi surface, and the magnetic Brillouin zone changes smoothly, without any abrupt alteration. On the other hand, long-range magnetic ordering strongly affects the magnetic entropy of the system. The transition at T N is then reflected as a sharp peak in the specific heat, while it is hardly visible in the dilatometric transport and magnetic properties. Fig. 10 Details of the transition at T 2, while heating from the UAF into AF2 phases is reflected in the resistivity, neutron-diffraction, and thermal expansion data. Fig. 11 The integral intensities of the (2 0 q z ) reflections (q z (a) ∼ -2.74, q z (b) ∼ 0.74, respectively, field dependent) of the AF1 phase measured in the horizontal (a) and vertical (b) cryomagnets, respectively. Due to the different geometry of the horizontal and vertical-field experiments, the data are rescaled to the nuclear reflections; and the different intensity of the 5 T curves is caused by the different resolution of the detector in each case. Please note also the temperature discrepancy caused by the different temperature gradient between the sample and the thermometer in both cryomagnets. ∼ 0.74 used in the text is related to the value at the Néel temperature in zero magnetic field. Please note that in 14 T the AF1-phase propagation is clearly distinguished from the propagation of the UAF phase. No AF1 propagation was detected in 14.5 T. The discrepancy of the 5 T data is ascribed to the different geometry and to the different resolution of the experiment. Fig. 13 The neutron diffuse scattering intensity at T = 127 K and in field B = 14.5 T approximated by the Lorentzian function is evidence of the short-range order above Néel temperature in this field. The center of the peak is 2/3 within the experimental error, pointing to a secondorder-type transition from UAF to paramagnetic phase in 14.5 T. 
